ABSTRACT Temperature characteristics of excitability in the squid giant axon were measured for the space-clamped axon with the double sucrose gap technique. Threshold strength-duration curves were obtained for square wave current pulses from 10 #sec to 10 msec and at temperatures from 5°C to 35°C. The threshold change of potential, at which an action potential separated from a subthreshold response, averaged 17 my at 20°C with a Q10 of 1.15. The average threshold current density at rheobase was 12 #a/cm 2 at 20°C with a Qx0 of 2.35 compared to 2.3 obtained previously. At short times the threshold charge was 1.5.10 -8 coul/cm 2. This was relatively independent of temperature and occasionally showed a minimum in the temperature range. At intermediate times and all temperatures the threshold currents were less than for both the single time constant model and the two factor excitation process as developed by Hill. FitzHugh has made computer investigations of the effect of temperature on the excitation of the squid axon membrane as represented by the Hodgkin-Huxley equations. These are in general in good agreement with our experimental results.
INTRODUCTION
In 1962, the effect of temperature upon the threshold membrane voltage and current of squid giant axon was investigated (Guttman, 1962) . A rise in the thresholds for membrane current and voltage was found with increasing temperature. It was somewhat disturbing that Sjodin and Mullins (1958) had found a decrease in the threshold on increasing temperature. Dr. Richard FitzHugh suggested that the seeming discrepancy between the work of Sjodin and Mullins and our 1962 work might be due to the fact that they had used short pulses and we had used long, rheobasic pulses. The experimental work has been continued both to resolve this difficulty and to give a basis for a comparison in this rather critical region with calculations based on the Hodgkin-Huxley equations.
Membrane excitation characteristics for the squid axon had been previ-
M A T E R I A L A N D M E T H O D S
T h e giant nerve fiber of the hindmost stellar nerve of the squid, Loligo pealii, was used throughout. It was dissected out under running sea water, separated from neighboring smaller fibers under a binocular dissecting microscope, dipped in an isosmotic deionized sucrose solution (725 raM) for a few seconds, blotted on tissue, and then mounted in a Lucite chamber which was a modification of the one used in the earlier experiments.
T h e chamber ( Fig. 1 ) was divided internally into five compartments by four partitions. The partitions were provided with aligned clefts for receiving the axon, which was sealed in each cleft by vaseline (cf. Whitcomb and Friess, 1960) . T h e length of the central sea water compartment (Fig. 1C ) was 0.8 ram, and the two sucrose compartments (B and D) were each 6.5 m m long. The extreme compartments (A and E), each 15 m m long, were filled with sea water containing 200 mM KC1, in order to give zero potential at the ends of the axon in these compartments (Curtis and Cole, 1942) . All partitions were 3 m m thick. T h e solutions in the sea water and sucrose compartments were continuously circulated, flowing up from below, and being sucked off from above to maintain levels above the axon. The sucrose levels were maintained slightly higher than the sea water level to provide a higher hydrostatic pressure on the sucrose and thereby reduce the extent of the sucrose contamination by sea water.
T h e incoming sea water was used to control the temperature in the central compartment. It was first cooled nearly to freezing by flowing it through one tube of a stainless steel countercurrent heat exchanger as a 20 % ethylene glycol solution at --15°C was pumped continuously through the other tube from a tank containing frozen blocks of the same solution. The sea water was then heated to the desired tern-perature by a small heating coil as it passed into the axon chamber. The heating power was controlled by an error signal from the thermistor bridge (Cole, 1957) used to measure the sea water temperature.
The portion of the axon in the central compartment was surrounded by a semicircular current electrode, P". This electrode filled the entire length of the central compartment. An approximately uniform current density in the neighborhood of the electrode was expected at least at rest because its length (0.8 mm) was considerably less than the "characteristic length" of about 6 mm found for squid axon (Cole and Hodgkin, 1939) .
Square wave pulses were provided by a Tektronix 161 or 163 pulse generator at one pulse per second and applied to platinized platinum electrodes located in compartments A and C of a nerve chamber divided internally into five compart-A~/Ao ~7 S,W.
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"~I ~ Slu SECTION AT C FIouR~ 1. Mounting chamber used for studying temperature characteristics of excitation in space-clamped squid axons. Chamber is internally divided into five compartments, A, B, C, D, and E, by partitions provided with aligned clefts in which axon, N, rests. P' and P" are platinized platinum electrodes for application of current. The Ag/ AgC1 electrodes are used for potential measurement. T, thermistor. For further details, consult text.
ments: A, B, C, D, and E. Current was indicated on the upper beam of a Tektronix model 509 dual beam cathode ray oscilloscope connected across a 1 k£ resistor in series with the active cm'rent lead. The membrane potentials were measured between the two Ag/AgC1 electrodes in compartments C and E and recorded on the lower beam of the oscilloscope. Resting potentials were monitored by a dc millivoltmeter.
R E S U L T S A N D D I S C U S S I O N
T y p i c a l records o b t a i n e d with rheobasic currents ( u p p e r picture) and short pulses (lower picture) are shown in Fig. 2 . In each, the u p p e r trace represents the square wave c u r r e n t pulse sent in, and the lower trace represents the m e m b r a n e potential. T h e action potentials shown in Fig. 2 are a b o u t 90 mv, and they varied f r o m 85 to 120 mv with the m e t h o d described. In earlier experiments, w h e n the axon was not prerinsed in isosmotic sucrose, the action potentials were lower.
T h e records were obtained w h e n a just subthreshold pulse was followed by a threshold pulse and the two records were superimposed in a d o u b l e exposure. T h e point where the trace of the local subthreshold response deviated f r o m the action potential was taken as a measure of threshold m e m b r a n e voltage. T h e dip in the rheobasic c u r r e n t pulse reflects the change in the m e m b r a n e resistance during activity. Since it appears later in the record t h a n l(
Typical records obtained when a rheobasic current of 7 msec (upper picture) and a 70 ~see short pulse (lower picture) are used to study threshold membrane voltage. In each the upper trace represents the square wave pulse sent in, and the lower trace represents the records obtained when a just subthreshold pulse is followed by a threshold pulse and the two records are superimposed in a double exposure. The point where the trace of the local subthreshold response deviates from the action potential is used as a measure of threshold membrane voltage. Calibration per division in upper picture is 20 mv, 1 /za, and 1 msec; in lower picture, 20 mv, 10 /~a, and 0.2 msec.
the point of deviation of action potential f r o m local response, it does not affect the threshold m e m b r a n e voltage estimate.
T h e preliminary rinse in isosmotic sucrose also r e d u c e d the m e a s u r e d threshold m e m b r a n e c u r r e n t by a factor of several times.
Effect of Temperature upon Threshold Change of Membrane Voltage
Results obtained in a study of threshold change of m e m b r a n e voltage on seven axons using short and rheobasic pulses are s u m m a r i z e d in Fig. 3 . As is seen in this figure, the threshold change in voltage for short pulses is a b o u t 1 2 % higher t h a n for rheobasic pulses.
At 20 °C, the threshold at which an action potential separated f r o m a subthreshold response averaged 17 m y for b o t h short and rheobasic pulses with a Q10 of 1.15.
Hagiwara and O o m u r a (1958) found that the critical depolarization necessary for excitation is constant for all pulse durations, which is a good approximation.
Effect of Temperature upon Threshold Membrane Current and Time Constant
Typical results for the effect of temperature upon threshold membrane current at stimulating pulses of various durations are shown in Fig. 4 , where the threshold current in microamperes is plotted against the pulse duration in microseconds on logarithmic scales. Each run commenced and ended with a 70/~sec pulse, and the small variation in threshold at the beginning and end of the runs indicates that conditions remained fairly constant during the course of the run. The reproducibility of runs upon a single axon is also discussed in a previous paper (Guttman, 1962, cf. Fig. 3 ). These runs were carried out at 5°C, 15°C, and 25°C on the same axon but usually data were taken near 5 ° intervals over the range, 5-35°C. These data approach a constant current threshold, the rheobase Io, at long durations as indicated by the horizontal lines. They approach the 45 ° lines, It = Q a constant quantity, for the short pulse durations. These two lines were adjusted to give a best fit to the points for each e x p e r i m e n t at each t e m p e r a t u r e and so give values for /o and Q. It is seen that the rheobase threshold increases with increasing t e m p e r a t u r e while there is m u c h less change in constant q u a n t i t y for short stimuli.
In the single example shown in Fig. 5 , the constant q u a n t i t y showed a m i n i m u m at a b o u t 15°C. This was also found in other axons but not for all. In his theoretical paper, I O0 1,000 I0,000 t (# SEC )
T e m p e r a t u r e d e p e n d e n c e of threshold m e m b r a n e c u r r e n t w h e n stimulating FIGURE 4. pulses of various durations are utilized. Intensity of the current in microamperes is plotted against duration in microseconds both on log scales. Runs were carried out at 5°C, 15°C, and 25°C on the same axon.
tions that he also finds that the curve goes t h r o u g h a m i n i m u m in the t e m p e r ature range studied w h e n threshold instantaneous shocks are investigated.
T h e intersection of Q and Io lines gives a time constant of the excitation process, z = @/Io. W h e n the d a t a are superposed to normalize t h e m at r, as in Fig. 6 , it is found that they lie reasonably well on a single curve. This shows that the f o r m of the strength-duration relation is not m a r k e d l y dep e n d e n t u p o n temperature. T h e time constants do, however, v a r y with temperature, as shown in Fig. 7 for four axons studied. T h e average r = 1.2 msec at 20°C with a Q10 = 0.44.
T h e form of the I vs. t relation is in essential a g r e e m e n t with the 1947 studies of Cole and Marmont (Cole, 1955) . The temperature variation of the rheobase later obtained by them (personal communication) gave @0 = 2.0 from 5 °C to 25 °C. In contrast, Tasaki (1949) found that in single motor fibers of the toad the rheobase did not vary with temperature. 
Threshold Current Density
In order to obtain threshold current density values for rheobasic and short threshold current pulses, it is necessary to have measurements of the effective membrane area involved. It was hoped and expected that this would be the apparent area between the vaseline seals, about 1.25-10 .2 cm ~. However, for short and intermediate pulse durations the membrane capacity, calculated Hodgkin, Huxley, and Katz, 1952) , it seemed more reasonable to assume a nominal value of 1.0 # f / c m 2 and to calculate an effective membrane area which would include at least an approximate correction for a leakage of sea water under the vaseline. The capacitance of the effective area can be calculated from the expression:
where I is the stimulating current, AV can be obtained from the photographic records (cf. Fig. 2) , and At is the corresponding duration. The effective area in cm ~ can then be estimated as equal to the calculated capacitance divided by 1 ~f/cm 2. When this method was used, the effective areas were generally smaller for the short than for the long pulses and there was some tendency for them to be smaller at the higher temperatures. The effect of pulse duration is to be ex- pected because the capacitative current reduces the characteristic length below the steady-state value under the vaseline. A ready explanation for a temperature effect has not been found. In spite of these uncertainties and the disadvantages of the sucrose and vaseline experimental technique, no logical basis has been found to dismiss the effective area as it has been calculated from a fixed capacity and the initial linear rates of rise of the membrane potential. So it has been used in estimating all the absolute values presented (Figs. 5 to 8) . Subsequent experiments utilizing the same set-up, in which changing the chemical composition of the external bathing solution was accompanied by rapid changes in the electrical characteristics of the axon, support the view that the solution in contact with the axon under the seals was changed quite rapidly. Probably not much current was able to penetrate to the region where the solution was changing slowly and where potassium ions might be leaking out of the axon and being trapped.
The average threshold charge is 1.5.10 .8 coul/cm 2 with no over-all significant change with temperature. However, three axons did show minima within the temperature range as shown for one axon in Fig. 5 , as was mentioned above.
The rheobasic currents show some fluctuation from one axon to another but here again a logarithmic change of rheobasic current with temperature was found to be a good expression of the individual as well as the collective data (Fig. 8 ). The mean current density at rheobase was 12 # a / c m 2 at 20 °C with a Q1o of 2.35, rather well confirming the earlier less certain Q10 value of 2.3 (Guttman, 1962) .
These values are to be compared with those of Cole and Marmont at 26°C to 29°C (Bonhoeffer, 1953) which give L = 21 u a / c m 2 at 20°C while the constant quantity is Qo = 2.1 • 10 -s coul/cm 2. Their subsequent unpublished rheobase data were interpolated to give a mean value of 41 # a / c m 2 at 20°C. Such large variations suggest that the rheobase may be a parameter which is quite sensitive to conditions that are difficult to control. The experiments may not be comparable because the two early ones were made with internal axial electrodes but different equipment while the present axons were probably hyperpolarized near the sucrose gaps (Julian, Moore, and Goldman, 1962; Blaustein and Goldman, 1965) .
Effect of Temperature upon Other Characteristics
We found as did Hodgkin and Katz (1949) that there was very little effect of temperature upon resting potential until about 25°C was reached, above which temperature there was a slight decrease in resting potential as the temperature was increased. The marked decrease in action potential spike height with increase in temperature found by Hodgkin and Katz was also confirmed, as was the spreading out of the action potential in time as the fiber was cooled. An increased tendency toward repetitive firing was evident when the temperature was increased.
Comparisons with Theory
All the useful expressions for the strength-duration threshold relations agree with a rheobase and a constant quantity but vary in the abruptness of the transition region between these two extremes. An index of this transition, as used by FitzHugh (1966) , is the threshold at t = 7-as compared to the rheobase, (7 = I (7-)/L. For the time-honored Weiss law I/Io = 1 + r/t = 2.0 which is much larger than most recent data. The next expression, for a model with a single time constant (Blair, 1932) , is of the form:
This gives ~r = 1.582 which is considerably above the first squid axon results as shown by , ~ 1.26, and the present, a = 1.38. The general two factor model of Young (1937) gives values of o-lying between 1.188 and 1.582 (FitzHugh, 1966) . For the case of an overdamped potential response to a subthreshold stimulus, the limits are 1.445 to 1.582. For an underdamped response (which the Hodgkin-Huxley model has), the lower limit is 1.188. The upper limit is 1.445 if the accommodation is complete, as in the model of Hill (1939; also Katz, 1939) , or 1.582 if incomplete. An interpolation of the first calculations of the Hodgkin-Huxley equations (Cole et aI., 1955 ) gave = 1.35. FitzHugh (1966 finds t h a t in the H H equations a varies with temperature, decreasing from 1.344 to 1.316 as the temperature is increased from 0 °C to 20 °C. Thus the form of the strength-duration relation given by experiment is a confirmation of the H H (I 952) equations as expressions of the properties of the squid axon. Similarly the time constant r and its variation with temperature are in reasonable accord with the calculations FitzHugh, 1966) . While the absolute value of Q is somwhat high, that for L agrees quite well with the value calculated by the H H formulation.
CONCLUSIONS
The results of experiment and analysis show that the squid axon under sucrose space clamp has a constant quantity threshold for short stimuli and that this is relatively independent of temperature. The rheobase threshold for long duration constant currents increases rapidly with temperature, more than twofold for ]0 °. The threshold currents of intermediate duration are less than for both the single and the two factor exponential expression for excitation as developed by Blair and Hill. These characteristics are in agreement with the 1947 space-clamped excitation data of Cole and Marmont (Bonhoeffer, 1953; and with the first calculations of the Hodgkin-Huxley equations.
However, when the apparent membrane area is used the present experiments do not confirm the early values for the threshold charge and current or for the membrane capacity. The measured capacity may be used to estimate an effective axon length extending more than a millimeter under the vaseline barriers. Then a threshold charge of about 1.5.10 -8 coul/cm 2 and a current density at rheobase at 20°C of about 12 I~a / c m 2 are obtained. The corresponding values computed for the unmodified H H equations are 0.69. 10 -8 coul/cm ~ and 5.6 ~a / c m ~. Using the calculated value for effective mem-brane area, the time constant for excitation was found to be about 1.2 msec at 20 °C.
In general, except for a somewhat high threshold charge, the experimental results are in good agreement with FitzHugh's (1966) computer investigations of the effect of temperature on the excitation of the squid axon membrane as represented by the Hodgkin-Huxley equations.
